The purpose of this research is to develop a method for designing and conducting mechanical analyses of Carbon Fiber Reinforced Plastic (CFRP) pressure vessels. In the present study, cocoon-shaped pressure vessels composed of CFRP were made using a filament winding machine. The mechanical properties of CFRP pressure vessels were examined by internal pressure loading experiment. A finite element analysis (FEA) was performed on an analysis model attempting to imitate the experiment. Then the equivalent elastic moduli of CFRPs used in the pressure vessels were identified by comparing the results of the FEA and the experiment.
Introduction
Clean and renewable hydrogen energy has become more attractive. It is believed that the best way to store hydrogen gas is in pressure vessels. The goal of this research is to design and produce pressure vessels that can store hydrogen gas safely and economically. Specifically, this paper discusses a vessel produced by covering an inner vessel made of an alloy tough enough to avoid brittle fracture or a plastic that has a good gas barrier property with Carbon Fiber Reinforced Plastics (CFRPs).
Although the law of mixture has generally been used for the equivalent elastic moduli of CFRPs reinforced in one way, experimental and FEA results have confirmed that it is impossible to apply the conventional law of mixture to CFRP covered inner vessels. Some research [1] [2] [3] on CFRP vessels has been carried out. However, a report studying the elastic moduli of CFRPs covering inner vessels was not found.
In the present study, pressure vessels in which a hoop or helical winding CFRP is applied to cocoon-shaped inner vessels are produced using a filament winding machine. The mechanical properties of the CFRP pressure vessels are examined by an internal pressure experiment. A finite element analysis was then performed on the analysis model to imitate the experiment. Finally, the equivalent elastic moduli of the CFRPs used in the pressure vessels were identified by comparing the results of the FEA and the experiment. Figure 1 shows the dimensions of an inner vessel whose cylindrical part was made of aluminum alloy A5052 as well as its dome and connector parts, which were made of A6061. The cylinder and dome parts were connected by welding. The carbon fibers (Toho Tenax Co. Ltd., Type: UT500) in which epoxy resin (Nagase Chemtex Co., Type: XNR6805) was impregnated were wound onto the inner vessels using a filament winding machine (Mcclean Anderson, Type: WMS-2-4). The tension of the carbon fibers in the winding was set to 10 [N] in the filament winding machine. After winding the carbon fibers onto the inner vessels, a hardness cure was applied to them. For this cure, the fibers were heated in a hardness chamber set at a temperature of 85° for four hours and then cooled down to normal room temperature. Two kinds of pressure vessels were produced using this method. The first is a vessel in which only the cylinder part was covered with a hoop winding CFR whose winding angle, thickness and length in the Y direction are ±90°, 2. Dimensions of an inner vessel whose cylindrical part was made of aluminum alloy A5052 as well as its dome and connector parts, which were made of A6061.
Production of CFRP pressure vessels

Internal pressure loading experiment
The three kinds of test vessels, namely the single body of the inner vessel and the two kinds of CFRP vessels were used in the experiment. Figure 2 shows the schematics of the experiment for testing the internal pressure of the test vessels. Water was injected into the test vessel (1) until it was burst with the feet water pump (3) (Sugino Mashine Ltd., Type: AJP-400M-3.7 kW). The internal pressures in the test vessel were measured with a pressure gage (4) (Daiichi Keiki Seisakusyo Ltd., Type: AT). Then the strains in the Z (circumferential) and Y directions at six locations (all at equal distance) around the middle of the cylindrical part of the test vessel were measured with bi-axial strain gages (5) (Kyowa Electronic Instruments Co. Ltd., Type: KFG-10-120-D16-11L3M3S).
The measured strains were captured in a personal computer (7) through a strain amplifier (6) (Kyowa Electronic Instruments Co. Ltd., Type: PCD-300). Figure 3 shows an orthotropic CFRP in which one direction is reinforced and the coordinate systems. Here, the L axis denotes the direction in which the carbon fibers are wound. The T and X axes denote the directions vertical to the L direction. When the longitudinal elastic moduli (Young's moduli) and volumes of carbon fibers and epoxy resin are denoted as
Physical quantities of CFRP
Longitudinal elastic modulus
respectively, the equivalent longitudinal elastic modulus, e E of the CFRP is given by the following equation using the law of mixture. An orthotropic CFRP in which one direction is reinforced and the coordinate systems.
When carbon fibers are wound on a cylindrical vessel at a winding angle of α , the equivalent longitudinal elastic moduli, Y E and Z E in the Y and Z (circumferential) directions are given by
It is impossible to apply Equations (2) and (3) to real CFRP vessels because the properties of CFRP depend on the procedure and conditions used to produce the CFRP vessels. Equations (4) and (5) were used in the present study. Here, the correction coefficients, Y c and Z c are multiplied to Equations (2) and (3).
The following equation was also used as the elastic modulus, X E in the X direction corresponding to the direction of thickness of the CFRP.
The values of X c ， Y c and Z c were determined by comparing the experimental and FEA results.
Mass density
The following equation was used as the equivalent mass density, e ρ of CFRP. 
Finite element analyses
Finite element analyses imitating the internal pressure loading experiment were carried out using the FEA software LS-DYNA-V970.
Analytical models and method of calculations
Single body of inner vessel
An analytical model axisymmetric to the Y-axis was used on an inner vessel whose dimensions are shown in Figure 1 . The analytical model was divided into 1,992 elements using axisymmetric 4 node-quad element and 37 elements using axisymmetric 3 node-triangle element. The physical quantities of aluminum alloy A6061 that composed the dome and connecter parts are listed in Table 1 and were entered into the isotropic elasto-plastic card in the LS-DYNA-V970.
As for the physical quantities of aluminum alloy A5052, the FEA was carried out after changing their stress-strain relationship under a constant Poisson's ratio equal to 33 . 0 = a ν and a mass density equal to 6 10 68 . 2
Then the stress-strain relationship of A5052 was determined so that the calculated FEA results were coincident to the experimental ones. The stressstrain curve of aluminum alloy (A5052) is shown in Figure 4 . The static analysis when the pressure of 20 = p
[MPa] was loaded to the inner face of vessel was carried out under the above conditions. 
Vessel with hoop winding CFRP
The inner vessel was modeled in the same way as described in 5.1.1. The hoop winding CFRP was divided into 164 elements using axisymmetric 4 node-quad elements. As for the elastic modulus of the CFRP, the values calculated by Equations (4), (5) and (6) using the ones listed in Tables 2 and 3 Stress-strain curve of aluminum alloy (A5052). 
Vessel with helical winding CFRP
The inner vessel was modeled in the same way as described in 5.1.1. The helical winding CFRP was divided into 244 elements using axisymmetric 4 node-quad elements. As for the elastic modulus of the CFRP, the values calculated by Equations (4), (5) and (6) using the ones listed in Tables 2 and 3 were entered in the orthotropic elastic card in the LS-DYNA-V970. Here, the winding angle of the CFRP on the cylindrical part is 20 ± = α°. The winding angle of the CFRP on the dome part varies from the cylinder side to connector side in the meridian direction. The values of ±20°, ±40°, ±65° measured at the middle portions at different locations on the dome part were divided into three parts, and were used as the winding angles. A static analysis was carried out under the above conditions when a pressure of 20 = p
[MPa] was loaded on the inner face of the inner vessel.
Comparisons of experimental and FEA results
Figures 5 and 6 show the experimental and FEA results of strains in the Z and Y directions of the cylindrical part of the inner vessel made of aluminum alloy. These figures indicate that the measuring portions yielded a maximum internal pressure of about 14 [MPa] . The FEA results were in a good agreement with the experimental ones when conduction the FEA using the stress-strain curve shown in Figure 4 as it of A5052. were used.
Conclusions
The following was carried out to examine the mechanical properties of CFRP pressure vessels and the equivalent elastic moduli of CFRPs.
(1) Pressure vessels applying a hoop or helical winding CFRP to cocoon-shaped inner vessels were produced using the filament winding machine. (2) The mechanical properties of CFRP pressure vessels were examined by an internal pressure experiment. (3) A finite element analysis was performed on an analysis model attempting to imitate the experiment. Then the equivalent elastic moduli of CFRPs used in the pressure vessels were identified by comparing the results of the FEA and the experiment.
